Glia undergo inflammatory activation in most CNS pathologies and are capable of killing cocultured neurons. We investigated the mechanisms of this inflammatory neurodegeneration using a mixed culture of neurons, microglia, and astrocytes, either when the astrocytes were activated directly with lipopolysaccharide (LPS) and interferon-␥ (IFN-␥) or LPS/IFN-␥-activated microglia were added to mixed neuronal cultures. In either case, activated glia caused 75-100% necrotic cell death within 48 hr, which was completely prevented by inhibitors of inducible nitric oxide synthase (iNOS) (aminoguanidine or 1400W). Activated astrocytes or microglia produced nitric oxide (NO) (steady-state level ϳ0.5 M), which immediately inhibited the cellular respiration of cocultured neurons, as did authentic NO. NO donors also decreased ATP levels and stimulated lactate production by neurons, consistent with NO-induced respiratory inhibition. NO donors or a specific respiratory inhibitor caused rapid (Ͻ1 min) release of glutamate from neuronal and neuronal-astrocytic cultures and subsequent neuronal death that was blocked by an antagonist of NMDA receptor (MK-801). MK-801 also blocked neuronal death induced by activated glia. High oxygen also prevented NO-induced neuronal death, consistent with death being induced by NO inhibition of cytochrome c oxidation in competition with oxygen. Thus activated glia kill neurons via NO from iNOS, which inhibits neuronal respiration resulting in glutamate release and subsequent excitotoxicity. This may contribute to neuronal cell death in inflammatory, infectious, ischemic, and neurodegenerative diseases.
Astrocytes and/or microglia become "activated" by inflammatory mediators in a wide range of CNS pathologies, including brain inflammation, trauma, ischemia, and stroke; brain infections such as AIDS dementia, meningitis, and malaria; neurodegenerative diseases such as Alzheimer's, Parkinson's, Huntington's, multiple sclerosis, amyotrophic lateral sclerosis; and normal aging (Eddleston and Mucke, 1993; Kreutzberg, 1996) . Glial activation involves changes in cell phenotype and gene expression, including the de novo expression of major histocompatibility complex class I and II antigens, cell adhesion molecules, cytokines such as tumor necrosis factor ␣ (TNF␣) and interleukin-1␤ (IL-1␤), and the inducible isoform of nitric oxide synthase (iNOS).
Glial activation is thought to be protective via destruction of pathogens, removal of debris, and promotion of tissue repair; however, excess activation can be deleterious (Banati et al., 1993; Hewett et al., 1994; Bolanos et al., 1997) . Activated glia can kill neurons in coculture (Chao, 1996; Hu et al., 1997; Kingham et al., 1999; Tanabe et al., 1999) , and this may occur in vivo during brain trauma, inflammation, post-ischemia, and infection, and in neurodegenerative diseases (Loihl and Murphy, 1998; Bolanos and Almeida, 1999; Liberatore et al., 1999) . The mechanisms by which activated glia kill neurons in culture have been suggested to include the release of nitric oxide (Chao, 1996; Bolanos et al., 1997; Hu et al., 1997; Loihl and Murphy, 1998) , reactive oxygen species (Beckman et al., 1994; Chao et al., 1995b) , glutamate (Barger and Basile, 2001) , TNF␣, and IL-1␤ (Chao et al., 1995a; Viviani et al., 1998) . NO is released from activated astrocytes and microglia (Brown et al., 1995; Chao, 1996; Murphy, 2000) , and neurons are remarkably sensitive to NO-induced cell death (Leist et al., 1997a; Wei et al., 2000) . The mechanisms of NO neurotoxicity are still unclear, but have been proposed to include the following: (1) activation of poly (ADP ribose) polymerase followed by NAD ϩ and ATP depletion (Zhang et al., 1994) , (2) induction of apoptosis by poorly defined mechanisms (Leist et al., 1997b; Tamatani et al., 1998; Uehara et al., 1999) , and (3) glutamate release (Meffert et al., 1994; Trabace and Kendrick, 2000) and excitotoxicity (Hewett et al., 1994; Leist et al., 1997a) and inhibition of mitochondrial respiration (Heals et al., 1999) .
NO can potently, acutely, and reversibly inhibit mitochondrial respiration at cytochrome c oxidase in competition with oxygen (Brown and Cooper, 1994; Brown, 1999) . We have shown previously that NO from activated astrocytes reversibly inhibits the cellular respiration of those astrocytes (Brown et al., 1995) and that NO reversibly inhibits the respiration of isolated nerve terminals (synaptosomes) at nanomolar concentrations (Brown and Cooper, 1994) , causing acute glutamate release from the nerve terminals caused by the inhibition of cytochrome c oxidase (McNaught and Brown, 1998) . Thus a possible mechanism of glialinduced neuronal death is NO from activated glia causing inhibition of neuronal respiration, leading to release of glutamate, which subsequently causes excitotoxic death of the neurons. We set out to test this and related hypotheses here.
MATERIALS AND METHODS
Neuronal cell culture. C erebellar granule cells (CGC s) were prepared from 7-d-postnatal Wistar rats as described previously by C ambray-2 in 75 cm 2 culture flasks (Falcon) in DM EM with 10% fetal calf serum. At confluency (12) (13) (14) , primary glial cultures were used to isolate microglial cells as described previously (Taupenot et al., 1996) . Briefly, mixed glial cultures were shaken to dislodge microglia that were loosely attached to the astrocytes. Microglia were purified by preplating for 30 min into culture flasks (75 cm 2 ) at a density of 0.1 ϫ 10 6 cells/cm 2 , and then the contaminating cells were removed by changing the medium. Microglia were maintained in astrocyte-conditioned medium (medium collected from astrocytic cultures after 2 d and spun down) mixed 1:1 v/ v with fresh DM EM (containing 10% fetal calf serum). Microglial cultures were used 24 hr after plating. The purity of the microglial and astrocyte culture (after isolation of microglia) was determined immunocytochemically with OX-42 (microglia marker, an anti-CR3 complement receptor antibody; Serotec, Oxford, UK) and anti-GFAP antibody (an astrocytic marker; AutogenBioclear, C alne, UK). The cells were fixed in 4% paraformaldehyde (Sigma) and then incubated with OX-42 or anti-GFAP (all at 1:200 dilutions) and visualized using biotinylated anti-mouse IgG antibodies (1:200 dilution), avidin -biotin -horseradish peroxidase complex, and diaminobenzidine tetrahydrochloride (ABC staining System; Santa Cruz Biotechnology, Santa Cruz, CA). Of the cells in microglial cultures, 99.5 Ϯ 0.3% were positive for OX-42, the marker for macrophage/ microglial cell types (GFAP-positive cells were not present). In astrocyte culture, 97-98% cells were anti-GFAP positive and only 2-3% cells were OX-42 positive (microglia).
Activation of microglia and astrocytes in culture. Cultures of astrocytes (12-14 DIV, confluent, 75 cm 2 culture flasks, after shaking off microglia) or microglia (24 hr after isolation from mixed glial cultures) were activated by exposure to lipopolysaccharide (LPS) from Salmonella typhimurium (10 g/ml, Sigma, St. Louis, MO) and interferon-␥ (IFN-␥, 100 U/ml; Sigma) in the presence of arginase (0.2 U/ml) for 16 -18 hr. After the activation time, the microglia or astrocytes were gently trypsinized (0.1%) for 2-3 min (at 37°C), and the cells were spun down and resuspended in DMEM or Krebs-HEPES buffer consisting of (in mM): 1.5 CaCl 2 , 5.6 glucose, 10 HEPES, 4.7 KCl, 1.2 KH 2 PO4, 1.1 MgSO 4, 118 NaCl, pH 7.4.
Assessment of cell viability and morphology. The viability of CGCs was estimated by propidium iodide (20 g/ml) (Sigma) and Hoechst 33342 (10 g/ml) (Sigma) staining using a fluorescence microscope (Leica). Propidium iodide stained only the cells with disrupted plasma membrane integrity, so these cells were considered to be necrotic. The nuclear morphology of the cell (chromatin condensation and fragmentation) was studied using the cell-permeable DNA dye Hoechst 33342 to assess whether apoptotic cells were present. Cells with homogeneously stained nuclei were considered to be viable. Additionally, to distinguish between necrosis and apoptosis at the single-cell level, annexin-V (Roche Diagnostics GmbH, Mannheim, Germany) and propidium iodide staining were performed simultaneously. Cells positive for both annexin-V and propidium iodide were considered to be necrotic, and cells that were annexin-V positive only (propidium iodide negative) were considered to be apoptotic.
Necrotic and apoptotic neurons were counted in three microscopic fields in each well (three wells per treatment) and expressed as a percentage of the total number of neurons. Each exposure was repeated at least three times. To estimate the number of dead cells that disappeared in cocultures of CGC s with activated microglia, the total number of dead and live cells was quantified and compared with the total number of cells in sister (nontreated, control) cultures. Measurement of NO generation and oxygen consumption. Measurement of NO production and oxygen consumption of cells was performed using a C lark-type NO electrode (World Precision Instruments) inserted through the top of a thermostated, stirred, and sealed vessel with a C lark-type oxygen electrode in the base (Rank Brothers), permitting simultaneous measurement of NO and O 2 levels (Brown and Cooper, 1994) . The NO electrode was calibrated with aliquots of NO-saturated water, assumed to contain 2 mM NO. After gentle scraping, CGC s (9 DIV), in sheets from 25 cm 2 culture flasks (ϳ4.0 ϫ 10 6 cells), were transferred into the above-described vessel maintained at 37°C in 0.5 ml of Krebs-H EPES buffer, pH 7.4, additionally supplemented with 2 mM glutamine and 25 mM KC l. After a few minutes (ϳ5 min), the activated astrocytes or microglia (ϳ0.5 ϫ 10 6 of cells) were added to the vessel followed by the addition of arginine (200 M; NOS substrate). At the end of the experiment, 10 M hemoglobin (NO scavenger) was added to verif y whether inhibition of neuronal respiration is reversible.
Measurement of intracellular ATP levels in neuronal and astroc yte cultures. ATP was determined luminometrically (Jade luminometer, Labtech International) using ATP Bioluminescence Assay K it (Boehringer Mannheim) according to the provided protocol. Briefly, after the exposure of astrocyte culture (12-14 DIV, confluent, 24-well plate) or CGC s (in neuronal or neuronal -astrocytic cultures, 9 DIV, 0.25 ϫ 10 6 /cm 2 , cultured in 24-well plates) to NO donor, NOC -18 (500 M), for various intervals of time (5, 10, or 20 min or 4 and 24 hr), the medium was withdrawn (stored for measurements of the lactate level) and the cells were exposed to lysed buffer mixed with dilution buffer for 5 min and than harvested by scraping. The aliquots of cellular extract were assayed for ATP content using the ATP dependency of the light-emitting luciferase-catalyzed oxidation of luciferin. ATP concentrations were expressed as percentage of control.
Determination of lactate accumulation. Aliquots of deproteinized culture medium were assayed for lactate using a L-lactic acid kit (Boehringer Mannheim) according to the provided protocol. The amount of lactate was measured by monitoring the oxidation of L-lactic acid to pyruvate by NAD in the presence of L-lactate dehydrogenase. The equilibrium of the reaction was displaced in favor of pyruvate and NADH formation by glutamatepyruvate transaminase in the presence of glutamate. NADH formation was monitored at 340 nm and was proportional to lactate concentration.
Measurement of glutamate content in neuronal conditioned medium. CGC s for measurements of glutamate release were cultured in 25 cm 2 culture flasks at high density (0.6 -1.0 ϫ 10 6 of trypan blue-excluding cells per square centimeter) for 9 d in the presence or absence of 10 M ara-C (neuronal and neuronal -astrocytic cultures, respectively). The volume of the medium in the culture flasks with CGC s was reduced to 2.5 ml just before exposure to NOC -18 (500 M) or my xothiazol (2 M) for various intervals of time (5, 10, or 20 min or 24 hr). After this time the deproteinized medium of cultured CGC s was assessed for levels of glutamate by a colorimetric method coupled to glutamate dehydrogenase and a formazan end product using a commercially available kit (Boehringer Mannheim). In brief, diaphorase, iodonitrotetrazolium chloride, and conditioned culture medium (after deproteinization) were combined (according to the provided protocol) and incubated for 2 min. Then 3.0 U of glutamate dehydrogenase solution was added, and the absorbability was measured at 492 nm after 15 min and then every 3 min until the reaction reached steady state. A standard curve was constructed by adding known concentrations of glutamate to culture medium.
Statistical anal ysis. Data are expressed as mean Ϯ SD and were analyzed for significance using ANOVA.
RESULTS

Nitric oxide produced by activated microglia and astrocytes induces excitotoxic cell death of CGCs in culture
To determine whether activated microglia could kill neurons, we activated microglia with LPS/IFN-␥ for 16 -18 hr, washed them, then cocultured them with CGCs (85% neuronal/12% astrocytic cultures, 9 DIV, 0.25 ϫ 10 6 cells/cm 2 in 500 l of DMEM, 24-well plate) at three different densities (0.1, 0.2, and 0.3 ϫ 10 6 cells of activated microglia per square centimeter) for 24 hr. After 24 hr the cell death of CGCs was assessed by propidium iodide and Hoechst 33342 staining and compared with a control culture (not exposed to activated microglia). Control cultures of CGCs (neuronal-astrocytic, 9 DIV) showed well differentiated neurons with an extensive neuritic network (Fig. 1 A) and very low necrotic cell death (Fig. 2 ). After addition of activated microglia (at any density), the first morphological change, evident after 3-4 hr, was retraction of all neurites (data not shown). After 24 hr of coculture of CGCs with activated microglia at the lowest density (0.1 ϫ 10 6 of cells per square centimeter), only 20 Ϯ 5.0% of neurons were viable, and the rest were necrotic (propidium iodide-positive cells, 34.8 Ϯ 5.4%), had condensed DNA (Hoechst-positive cells, 12.7 Ϯ 2.4%), or had disappeared (32.5 Ϯ 3.8%, as compared with the number of neurons in control cultures), presumably because of phagocytosis by activated microglia. Hoechst-positive cells displayed highly fluorescent nuclei with condensed chromatin, but mostly without fragmentation, a phenotype not present in control cultures. When CGCs where cocultured with activated microglia at the higher density (0.2 or 0.3 ϫ 10 6 cells/cm 2 ), none of the neurons survived. At the density of 0.2 ϫ 10 6 cells/cm 2 ( Fig. 1 B) , both necrotic and Hoechstpositive cells were observed, and some of the neurons disappeared ( Fig. 2) . At the highest density (0.3 ϫ 10 6 cells/cm 2 ) of activated microglia, only necrotic cell death was observed (14.8 Ϯ 3.8%), and the rest of the neurons disappeared (85.2 Ϯ 10.8%), presumably because of phagocytosis by activated microglia.
The neuronal death observed in the presence of activated microglia was mediated by nitric oxide because the presence of Hoechst-positive or propidium iodide-positive neurons was almost entirely blocked by the iNOS inhibitors, 200 M aminoguanidine (Sigma) or 25 M 1400W (Alexis Biochemicals, Lausanne, Switzerland) (Fig. 3A) . The production of NO in the cocultures of CGCs with activated microglia was confirmed by the presence of nitrite in the medium (19.5 Ϯ 0.6, 22.3 Ϯ 1.2, and 27.8 Ϯ 0.9 M in the presence of 0.1, 0.2, and 0.3 ϫ 10 6 activated microglia per square centimeter, respectively) as measured by the Griess reaction (Schmidt and Kelm, 1996) . After addition of activated microglia (0.1 ϫ 10 6 cells/cm 2 ) in the presence of iNOS inhibitors, 200 M aminoguanidine or 25 M 1400W, the level of nitrite in the medium was significantly decreased (5.6 Ϯ 0.4 and 4.4 Ϯ 0.3 M, respectively; control level, without added microglia, 3.8 Ϯ 0.4 M). The death of CGCs was also prevented by the NMDA noncompetitive receptor antagonist, 10 M MK-801 (dizocilpine maleate, Calbiochem), added 30 min before activated microglia (Fig. 3A) , suggesting that microglial NO-induced neuronal death was mediated by glutamate. 6 cells/cm 2 ) for 24 hr induced cell death of all neurons. Note shrunken cell bodies and nuclei and loss of all neurites (phase-contrast photographs). C, Addition of LPS (4 ng/ml) and IFN-␥ (100 U/ml) simultaneously for 48 hr to the CGCs, cultured in the presence of glial cells (9 DIV, nontreated with ara-C), caused severe neuronal cell death, but dead cells were not phagocytosed. D, Morphological analysis of nuclear chromatin in CGC culture (neuronal-astrocytic, 9 DIV) exposed to 500 M NOC-18 for 4 hr using DNA-binding fluorochrome Hoechst 33342 (fluorescence microscope). Viable cells showed round nuclei with weak fluorescence, but some nuclei had strongly condensed chromatin (bright fluorescence), predominantly without fragmentation. However, a few nuclei with fragmented chromatin were also present. Particular cell or nuclear types are indicated by the following abbreviations (placed to the right of the cell): n, healthy neurons; a, astrocyte; am, activated microglia; dn, dead neurons; cc, condensed chromatin; fn, fragmented chromatin; ncc, non-condensed chro- To test whether activated astrocytes could kill neurons by similar mechanisms, neuronal-astrocytic cultures (9 DIV), untreated with ara-C (12.2 Ϯ 2.8% of astrocytes and 3.1 Ϯ 0.7% of microglia), were incubated with LPS (4 ng/ml) and IFN-␥ (100 U/ml) for 48 hr (Fig. 1C) . After that time only necrotic neuronal death was observed (propidium iodide-positive cells) and it was mediated by NO because the cell death was completely blocked by iNOS inhibitors (200 M aminoguanidine or 25 M 1400W) (Fig.  3B ). The death of CGCs was also prevented by MK-801 (10 M) (Fig. 3B) , suggesting again that glial NO-induced neurotoxicity was mediated by glutamate. When neuronal cultures (CGCs, 9 DIV, pretreated with ara-C to block the proliferation of glia; 0.5 Ϯ 0.1% of astrocytes and 0.4 Ϯ 0.2% of microglia as assessed immunocytochemically) were exposed to LPS/IFN-␥, no significant cell death was observed (Fig. 3B ). This suggests that LPS/ IFN-␥ is not directly toxic to neurons, but rather toxicity is mediated by glia. The death of CGCs cultured in the presence of glia and LPS/IFN-␥ was caused by NO released from activated glia cells because it could be prevented by iNOS inhibitors (Fig.  3B) . In this case, activated astrocytes are the main source of NO because 9-d-old culture of CGCs contained 12.2 Ϯ 2.8% of astrocytes and only 3.1 Ϯ 0.7% of microglia. LPS or IFN-␥ added to neuronal-astrocytic cultures separately did not cause any significant cell death.
NO-induced death of CGCs is prevented by MK-801
To test whether nitric oxide released from NO donors could reproduce cell death of neurons observed in the cocultures of CGCs with activated glia, CGCs (neuronal-astrocytic cultures) were exposed to either a "pure" NO donor NOC-18 (diethylenetriamine-nitric oxide adduct), also known as DETA-NONOate (RBI, Natick, MA; Sigma), or one capable of transnitrosylation S-nitroso-N-acetyl-DL-penicillamine (SNAP; Alexis) at different concentrations (50, 100, and 500 M) for various intervals of time (4, 16, or 24 hr). The level of NO was measured using a NOsensitive electrode. In the case of 0.5 mM SNAP, the release of NO was variable, but in most cases the steady-state level of NO measured by electrode was 0.5-0.75 M in DMEM after 10 -15 min. In the case of 0.5 mM NOC-18, the release of NO was less variable, and the steady-state level was between 0.4 and 0.6 M in DMEM after 15-25 min.
Short incubations (4 hr) with either NO donor (NOC-18 or SNAP) at any concentration (50, 100, or 500 M) caused little or no necrosis, as indicated by staining with propidium iodide. However, most of the cells at this time had strong chromatin condensation but mostly without nuclear fragmentation, as assessed by Hoechst 33342 staining (Fig. 1 D) . Additionally, only a small percentage of neurons (4 -5%) bound annexin-V after the exposure to 500 M NOC-18 or SNAP. These results suggest that NO-induced cell death had some apoptotic characteristic but without the classical morphological features (apoptotic-like cells). The presence of these apoptotic-like cells could not be prevented by a cell-permeable nonspecific caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk; Alexis) at the concentration of 50 or 75 M (100 M was found to be toxic to the neurons), suggesting that these NO-induced changes may not be mediated by caspases. At this time (4 hr incubation), the presence of Hoechst-positive cells could be completely prevented by 10 M MK-801 (noncompetitive inhibitor of NMDA receptor, added 30 min before NO donor), suggesting that NO-induced cell death of CGCs was mediated by glutamate (Fig. 4 A) . After 16 hr of incubation with NO donors (SNAP or NOC-18), the number of Hoechst-positive cells was very low (between 3 and 5%; results not shown), but the presence of necrotic cells was significantly increased and almost completely prevented by MK-801 (10 M) (Fig. 4 B) . After 24 hr of incubation with NO donors (NOC-18 or SNAP), only necrosis (presence of propidium iodide-positive cells) was observed. At that time, MK-801 (10 M) could only partially prevent the presence of necrotic cells (Fig. 4C) . Because the presence of Hoechst-positive and propidium iodide-positive cells was almost completely prevented by MK-801 (after 4 and 16 hr of incubation), this suggests that excitotoxicity was the main mechanism of granule cell death induced by nitric oxide.
The neuronal death of CGCs was also observed 24 hr after the addition of very low concentrations of NO-saturated water (1 or 2 M NO) (Fig. 5A) . The presence of necrotic cells after the exposure of CGCs to NO-saturated water or NOC-18 was blocked by two different NO scavengers: 25 M 2-phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl 3-oxide (PTIO; Sigma) ( Fig. 5A ) and 50 M hemoglobin (Sigma) (Fig. 5B) . After the exposure of CGCs (24 hr) to SNAP, necrotic neuronal death (25 Ϯ 3, 28.9 Ϯ 4.2, and 66.9 Ϯ 11.5% after 50, 100, or 500 M SNAP, respectively) was also significantly blocked by both NO scavengers: 50 M hemoglobin (14.3 Ϯ 2.3, 15.6 Ϯ 2.1, and 25.4 Ϯ 4.3%) and 25 M PTIO (18.4 Ϯ 4.6, 19.0 Ϯ 4.2, and 36.2 Ϯ 6.3%).
The applied concentrations of NOC-18 or SNAP caused cell death of neurons only, without affecting the viability of glial cells. The fact that a single addition of 1 or 2 M of authentic NO caused significant cell death (18 -22%) after 24 hr indicates that these neurons are very sensitive to NO-induced cell death and that because the NO breaks down rapidly (Fig. 6 A) , the NO needs to be present for only a few minutes to initiate cell death. Interestingly, NO-induced necrosis of CGCs (after addition of NO-saturated water) was prevented when the medium was transiently oxygenated with 95% O 2 and 5% CO 2 before NO exposure (Fig. 5C ). However, this high oxygen level on its own induced some apoptotic-like (Hoechst-positive) CGCs (Fig. 5C) . We have (Fig. 1 D) , but no propidium iodidestaining cells were seen. shown previously that oxygen antagonizes the NO-induced inhibition of respiration and glutamate release in synaptosomes, because nitric oxide binds competitively with oxygen to the same binding site on cytochrome oxidase (Brown and Cooper, 1994; McNaught and Brown,1998) . Thus these results suggest that neuronal cell death could be mediated by NO-induced inhibition of mitochondrial respiration at cytochrome oxidase.
Nitric oxide produced by activated microglia or astrocytes rapidly and reversibly inhibits mitochondrial respiration of surrounding neurons
We have shown previously that nanomolar concentrations of NO cause a rapid and reversible inhibition of mitochondrial respiration in brain synaptosomes (Brown and Cooper 1994) and astrocytes (Brown et al., 1995) caused by inhibition of cytochrome oxidase. We tested here whether NO could inhibit neuronal respiration in a similar way. Oxygen consumption of CGCs alone (ϳ4.0 ϫ 10 6 cells) was 3.9 natom of O/min/10 6 cells, but the addition of NO-saturated water (2 M NO) caused immediate and complete inhibition of neuronal respiration (Fig. 6 A) . However, it recovered once the NO levels in the medium were close to 0.0 M (3.1 natom of O/min/ 10 6 cells) (Fig. 6 A) . Dramatic inhibition of neuronal respiration was also observed after addition of activated microglia (ϳ0.5 ϫ 10 6 microglia added to 4.2 ϫ 10 6 neurons), producing 0.55 Ϯ 0.1 M NO after addition of 200 M arginine. Oxygen consumption was inhibited from 4.3 Ϯ 0.4 in the absence of microglia to 0.75 Ϯ 0.2 natom of O/min/10 6 in the presence of activated microglia, i.e., 82.0 Ϯ 4.0% inhibition. This inhibition of respiration was reversible, because the addition of hemoglobin (NO scavenger) resulted in full activation of neuronal respiration (4.2 Ϯ 0.2 nmol of O/min/10 6 cells) (means Ϯ SD from nine independent experiments) (Fig. 6 B, sample trace) . Similar results were also observed when CGCs were incubated with activated astrocytes (Fig. 6C) . Addition of activated astrocytes (ϳ0.75 ϫ 10 6 cells of astrocytes added to 4.2 ϫ 10 6 neurons) producing 0.52 Ϯ 0.16 M NO caused strong and rapid inhibition of neuronal respiration (oxygen consumption before and after addition of activated astrocytes was 5.8 Ϯ 0.26 and 1.2 Ϯ 0.3 natom of O/min/10 6 cells, respectively, i.e., 79.0 Ϯ 5.0% of inhibition), and the inhibition of respiration was completely reversed by hemoglobin (6.5 Ϯ 0.8 natom of O/min/10 6 cells) (means Ϯ SD from three independent experiments) (Fig. 6C, sample trace) .
To test what levels of NO were produced by activated glial cells alone, activated microglia or astrocytes were incubated by themselves (ϳ1.0 ϫ 10 6 cells), and the level of NO was measured using a NO electrode. They produced NO continuously to reach a steady-state level after 10 -15 min of 1.1 Ϯ 0.23 and 0.76 Ϯ 0.35 M (activated microglia and astrocytes, respectively) (data from three independent experiments).
Because NO produced by activated astrocytes or microglia inhibits neuronal respiration, this respiratory inhibition might contribute to neuronal cell death.
Respiratory inhibitors cause extensive neuronal cell death
To determine whether inhibition of mitochondrial respiration causes neuronal cell death, CGCs (neuronal-astrocytic cultures, 9 DIV) were exposed to specific respiratory inhibitors (myxothiazol, KCN, or azide) for various periods of time (4, 16, or 24 hr), and then the cell death was assessed by propidium iodide, Hoechst 33342, and annexin-V staining. After 4 hr of incubation with 2 M myxothiazol (specific inhibitor of respiratory complex III) (Fig. 7A) , some necrotic cells were present (propidium iodide positive), but mainly Hoechst-positive neurons were observed (with bright and condensed chromatin, without fragmentation). The presence of Hoechst-positive cells could not be blocked by z-VAD-fmk. Only a very small percentage of cells was stained with annexin-V (between 1.0 and 2.0%). At this time of incubation, the presence of Hoechst-positive as well as propidium iodide-positive cells was almost completely prevented by MK-801 (NMDA receptor antagonist added 30 min before mitochondrial inhibitor) (Fig. 7A) . After 16 hr of incubation, the number of necrotic cells increased, but MK-801 was less effective at blocking cell death (Fig. 7B) . After 24 hr of incubation, almost all dead CGCs were necrotic (propidium iodide positive), and MK-801 was not effective at all in preventing cell death (Fig. 7C) . Similar results were obtained after the exposure of CGCs to 2 mM azide or 2.5 mM KCN (inhibitors of cytochrome c oxidase). In the case of azide, the percentage of Hoechst-positive cells was 64.5 Ϯ 8.6, 32.9 Ϯ 11.0, and 4.8 Ϯ In general, the pattern of mitochondrial inhibitor-and NO donor-induced neuronal cell death was similar. Mitochondrial inhibitor-or NO donor-induced early condensation of DNA (4 hr incubation) was prevented by MK-801, but the later necrosis was only partially blocked by this NMDA receptor antagonist. In the case of respiratory inhibitors, MK-801 was generally less effective at blocking necrosis than in the case of NO donors. This might be because the respiratory inhibitor irreversibly inhibited neuronal respiration, whereas respiratory inhibition by NOC-18 was partially reversible with time.
Because NO inhibits respiration and specific respiratory inhibitors cause neuronal death of a similar type and time course (but with some differences), these results suggest that NO inhibition of mitochondrial respiration could be the main mechanism involved in triggering NO-induced neuronal death.
Nitric oxide rapidly depletes neuronal but not astrocytic ATP
Because NO-induced mitochondrial inhibition might result in energy depletion, ATP levels were studied in neuronal and neuronal-astrocytic cultures (CGCs, 9 DIV, treated or untreated with ara-C, respectively) and astrocytic cultures (12-14 DIV, confluent) exposed to NOC-18 (500 M) for various intervals of time (5, 10, or 20 min or 4 and 24 hr). Severe and rapid ATP depletion (38.0 Ϯ 7.0% in 20 min and 91.0 Ϯ 1.0% after 24 hr) was observed in neuronal cultures (depleted of glial cells) (Fig.  8 A) . In neuronal-astrocytic cultures, the decrease in ATP levels after exposure to NOC-18 (500 M) was less dramatic but still significant (48.7 Ϯ 1.8% after 24 hr) (Fig. 8 B) . In contrast to neurons, astrocytes were much less sensitive to NO-induced ATP depletion. Indeed, short-time exposure to NOC-18 (500 M) did not cause any ATP depletion (Fig. 8C) , and 24 hr incubation caused only 10.0 Ϯ 5.0% of ATP decrease when compared with the control culture (Fig. 8C) . Even after 72 hr exposure to NOC-18 the ATP level had decreased by only 36.0 Ϯ 4.0% (data not shown). However, astrocytes and neurons appeared to be equally sensitive to NO-induced inhibition of mitochondrial respiration (Brown et al., 1995) (Fig. 6 A) . These results are consistent with neurons being particularly dependent on mitochondrial energy production in contrast to astrocytes, which after NOinduced mitochondrial inhibition may be able to maintain ATP levels by glycolysis. 
NO donors increase the level of L-lactic acid in neuronal and astrocytic cultures after prolonged exposure
To test whether NO-induced mitochondrial inhibition and subsequent ATP depletion in neuronal and astrocytic cultures would stimulate glycolysis, the level of L-lactic acid was measured in the medium of CGCs (9 DIV, 24-well plates) or astrocyte culture (12-14 DIV, confluent, 75 cm 2 flasks) exposed to a NO donor (500 M NOC-18) or a specific mitochondrial inhibitor (2 M myxothiazol) for various intervals of time (5 min, 30 min, 4 hr, or 24 hr). Surprisingly, a short time incubation (5 or 30 min) with NOC-18 (but not with myxothiazol) caused a slight decrease in L-lactic acid levels, but longer exposure times (4 or 24 hr) significantly increased the level of L-lactic acid in both types of cultures, neuronal (Fig. 9A) and astrocytic (Fig. 9B) . However, in neuronal cultures (depleted of glia), the increased levels of L-lactic acid after the exposure to NOC-18 was only 28.3 Ϯ 0.4% in contrast to astrocyte culture in which the level of lactate was increased 68.2 Ϯ 0.8% when compared with the control culture.
An activation of glycolysis was also observed in the culture of astrocytes after 18 hr of activation with LPS/IFN-␥ because the level of L-lactic acid was significantly increased (control level, 7.18 Ϯ 1.2 mM; after activation, 13.3 Ϯ 1.15 mM) (Fig. 9C ). This activation of glycolysis was probably mediated by NO-induced inhibition of respiration, because in the presence of an iNOS inhibitor (25 M 1400W), levels of lactate were similar to the control levels (Fig. 9C) . Forty-two hours after activation, the levels of lactate were even higher (26.2 Ϯ 0.6 mM, pH 5.9 Ϯ 0.15; control, 12.24 Ϯ 0.5 mM, pH 7.4 Ϯ 0.1), but in the presence of iNOS inhibitor (25 M 1400W), the levels of lactate were only slightly higher (14.5 Ϯ 1.2, pH 7.2) than in the control (Fig. 9C) .
Nitric oxide causes glutamate release from neurons
Because neuronal cell death observed in the culture of CGCs exposed to activated glial cells (astrocytes or microglia) or to NO donors (SNAP or NOC-18) was prevented by MK-801 (NMDA receptor antagonist), suggesting that glutamate was involved in NO-induced cell death, we tested whether nitric oxide would cause glutamate release from cultured neurons. Indeed, NOC-18 (500 M) caused immediate (Ͻ1 min) release of glutamate from neuronal-astrocytic (Fig. 10 B) and neuronal cultures (Fig. 10 A) . Glutamate was undetectable in neuronal-astrocytic cultures before the addition of NO donor, but rose immediately after exposure to NOC-18 (500 M) and was at the same level for the initial 30 min (8.2 Ϯ 0.5 M) and then decreased after longer incubation times (4 or 24 hr) (Fig. 10 B) , possibly because of reuptake by astrocytes. These concentrations of glutamate in the medium are sufficient to activate NMDA receptors (Patneau and Mayer, 1990) . In the case of neuronal cultures (CGCs cultures depleted of glial cells), NOC-18 also caused glutamate release, but the level increased with time (16.2 Ϯ 2.4 M after 24 hr) (Fig. 10 A) , possibly because it could not be removed from the medium by astrocytes.
To test whether NO-induced inhibition of mitochondrial respiration could be the cause of glutamate release from CGCs, we studied the release of glutamate in neuronal-astrocyte cultures exposed to a specific mitochondrial inhibitor (2 M myxothiazol) for various intervals of time (1, 5, 10, or 30 min and 4 or 24 hr). Similarly to the NO donor, myxothiazol also induced glutamate release from CGCs after a very short time of incubation (Fig.  10C) . These results suggest that NO-induced inhibition of mitochondrial respiration could be the mechanism responsible for NO-induced release of glutamate from CGCs.
DISCUSSION
We have shown here (consistent with previous findings by Chao, 1996; Hu et al., 1997; Kingham et al., 1999; Tanabe et al., 1999) that inflamed glia have a remarkable capacity to kill cocultured neurons, even when present at relatively low concentrations. This has important implications for pathology because astrocytes, microglia, and macrophages become activated in virtually all CNS pathologies, including inflammatory, infective, post-ischemic, and neurodegenerative diseases, as well as aging (Eddleston and Mucke, 1993; Beal, 1995; Murphy, 2000) . Activated glia may be Figure 9 . Levels of L-lactic acid in the medium of neuronal or neuronalastrocytic ( A) and astrocytic ( B) cultures, exposed to NO donors (500 M SNAP or NOC-18) or a specific mitochondrial inhibitor (2 M myxothiazol). Neuronal cultures were cultured in the presence of ara-C (ϩara-C), neuronal-astrocytic cultures in the absence of ara-C (Ϫara-C). C, Increased levels of L-lactic acid and acidic pH (measured with pH electrode) in the medium of astrocytic cultures, activated for 18 hr with LPS/IFN-␥. Note the decreased levels of L-lactic acid (and increased pH) in the presence of an iNOS inhibitor (25 M 1400W), suggesting that activation of glycolysis was mediated by NO. Values represent means Ϯ SD (bars) of determinations made in three separate cultures. Statistical significance of the difference between L-lactic acid levels after 24 hr of exposure to NOC-18 was *p Ͻ 0.05 from control (ϩara-C) and **p Ͻ 0.01 from control (Ϫara-C), and after exposure to myxothiazol it was **p Ͻ 0.01 from control (Ϫara-C) in A and **p Ͻ 0.01 after exposure to myxothiazol from control in B. directly causing neuronal death in these pathologies, although glial activation may also have protective roles, and neuronal death may contribute to glial activation. For example, in Alzheimer's disease, activated microglia and astrocytes expressing iNOS are found in the amyloid plaques surrounded by dead and dystrophic neurites (Wa et al., 1996; Wallace et al., 1997; Lee et al., 1999) , ␤-amyloid can induce cultured glia to express iNOS and kill cocultured neurons via NO (Goodwin et al., 1995; Wisniewski et al., 1998) , and anti-inflammatory drugs protect against Alzheimer's disease (McGeer and McGeer, 1995; McGeer et al., 1996; Lim et al., 2000) .
In this study, activated microglia or astrocytes induced cell death of cocultured CGCs. The neuronal cell death was entirely mediated by glial NO from iNOS because it was completely prevented by two structurally unrelated iNOS inhibitors. This conclusion is supported by the finding that NO donors NOC-18 and SNAP (or NO-saturated water) producing steady-state levels of NO (0.5-0.75 M) similar to those produced by activated glia (0.5-1 M) (Fig. 6 B, C) caused a similar type of neuronal death, with a similar time course, that was similarly blocked by MK-801. Thus in our model of inflammatory neurodegeneration, neuronal death induced by activated glia was mediated by iNOS-derived NO alone, rather than other suggested mediators such as cytokines (Chao et al., 1995a; Viviani et al., 1998) , proteases (Glockzin et al., 1999) , or reactive oxygen species (Tanaka et al., 1994; Chao et al., 1995b) .
One of the mechanisms by which NO causes neuronal death could be inhibition of mitochondrial respiration. In this study we found that NO from NO-saturated water or from activated astrocytes or microglia caused rapid, potent, and reversible inhibition of neuronal respiration. We have shown previously that such NO inhibition of respiration is caused by the reversible inhibition of cytochrome oxidase in competition with oxygen (Brown and Cooper, 1994; Brown et al., 1995; Brown, 1999) . Others have shown similar inhibition in isolated mitochondria (Cleeter et al., 1994; Schweizer and Richter, 1994) and inhibition of energy metabolism in neurons (Brorson et al., 1999) . We found here that a specific respiratory inhibitor (myxothiazol) replicated many of the effects of NO, including immediate respiratory inhibition, followed by rapid glutamate release, followed by neuronal cell death, blocked by MK-801 (at early incubation times). Moreover, preventing NO inhibition of respiration by transiently incubating the neurons with high oxygen during the exposure to NOsaturated water prevented subsequent NO-induced necrosis. However, we cannot rule out that this protection was mediated by more rapid breakdown of NO to NO 2 or peroxynitrite at high oxygen levels, thus resulting in a shorter exposure time to NO. On the other hand, the fact that such short-term exposure to NO (1-5 min in Fig. 5C ) results in significant neuronal cell death, which is blocked by high oxygen, indicates that NO 2 or peroxynitrite is unlikely to mediate the neurotoxicity, and that whatever does mediate the actions of NO must happen within 1-2 min of NO exposure. Because NO caused inhibition of neuronal respiration within seconds, and NO or a specific respiratory inhibitor (myxothiazol) caused glutamate release within 1 min, and subsequent neuronal death is blocked by MK-801, NO-induced cell death is probably triggered by respiratory inhibition, followed by glutamate release and excitotoxicity. That NO inhibited respiration in the culture is supported by the finding that NO donors caused rapid ATP depletion in neuronal cultures (25% decrease within 5 min, 40% in 20 min, 90% in 24 hr) followed by activation of glycolysis (measured by lactate release), and that LPS/IFN␥-induced activation of astrocyte cultures caused increased lactate levels and acidification of the culture medium (Fig. 9C) .
NO donors caused rapid (Ͻ1 min) glutamate release into the medium of mixed and pure neuronal cultures. A similar pattern of glutamate release was also observed after the exposure of mixed cultures to myxothiazol. Although the pattern differs after longterm treatment (4 and 24 hr), when the amount of NO released from NOC-18 may not be sufficient to fully inhibit respiration, the rapid release of glutamate caused by both NOC-18 and myxothiazol suggests that inhibition of mitochondrial respiration could be the mechanism responsible for glutamate release. We have shown previously that NO causes rapid glutamate release from synaptosomes caused by inhibition of cytochrome oxidase and probable reversal of the glutamate uptake carrier (McNaught and Brown, 1998) . Others have shown NO-induced glutamate release in cultures and in vivo (Takita et al., 1997; Kingham et al., 1999; Trabace and Kendrick, 2000) . The level of glutamate released into the culture medium by NO (ϳ8 M glutamate) (Fig. 10 A) has been shown to be sufficient to induce excitotoxic death of neurons (Patneau and Mayer, 1990) . However, the NO-induced respiratory inhibition may also greatly increase the sensitivity of neurons to glutamate toxicity (because of depolarization and removal of the Mg 2ϩ block of the NMDA receptor) (Vornov and Coyle, 1991) . An antagonist of the NMDA receptor (MK-801) blocked neuronal death induced by activated astrocytes, microglia, NO donors, and myxothiazol (after short incubation time), suggesting that death was triggered at least in part by activation of NMDA receptors. MK-801 completely blocked DNA condensation at 4 hr (imaged by Hoescht staining), induced by NO donors and myxothiazol, and completely or partially blocked necrosis at 16 hr but was less effective at blocking necrosis at 24 hr. This may indicate either that 10 M MK-801 was not completely effective at blocking NMDA receptors or that other mechanisms of NO-induced cell death become important after longer-term incubations with NO donors. Note that neuronal ATP was almost completely depleted at 24 hr (at least in the absence of MK-801) (Fig. 8 A) , which suggests that necrosis might have resulted from ATP depletion. However, MK-801 completely prevented neuronal death induced by exposure to activated microglia for 24 hr and very largely prevented that induced by activation of astrocytes in mixed culture for 48 hr, suggesting that cell death in these models is caused almost exclusively by excitotoxicity.
Death induced by activated astrocytes or microglia, NO, NO donors, or myxothiazol was confined exclusively to neurons; there was no significant cell death seen in astrocytes or microglia. This is consistent with our findings that NO donors caused no significant change in ATP levels in pure astrocyte cultures for up to 24 hr. The ATP level that we measured in mixed cultures probably had contributions from both neurons and glia. We have shown previously that astrocytes are sensitive to NO-induced inhibition of respiration (Brown et al., 1995) , and we found here that glycolysis is activated in the astrocyte cultures by NO donors and LPS/IFN-␥, consistent with inhibition of respiration. However, astrocytes are known to have a higher glycolytic capacity than neurons (Pauwels et al., 1985; Peuchen et al., 1997) and are insensitive to excitotoxicity (Weiss et al., 1993) .
We found previously in PC12 cells that NO donors induced necrosis caused by respiratory inhibition and ATP depletion if glucose was not present, but this was completely prevented by glucose, suggesting that cells with insufficient glycolytic capacity would be sensitive to NO-induce necrosis via respiratory inhibition. However, in the presence of glucose, NO induced caspase-and cytochrome c-mediated apoptosis (Bal-Price and Brown, 2000) . The levels of NO donors used in the present study did not induce any cell death in the astrocytes. However, we found that higher levels of NO donors (1-2 mM NOC-18 for 48 or 72 hr) do induce apoptosis in astrocytes (DNA condensation and fragmentation; data not shown).
The neuronal cell death induced by activated glia, NO donors, and myxothiazol had some characteristics of apoptosis, but it was not classical apoptosis. Within 4 hr of NO donor treatment, most neurites were lost, the nuclei had shrunk, and the DNA was strongly condensed. However, the nuclear DNA was condensed but not fragmented, there was relatively little annexin-V staining, and a caspase inhibitor (zVAD) did not prevent DNA condensation or cell death. It is probably best to avoid trying to classify such death as either apoptotic or necrotic without further analysis.
In conclusion, we found that activated glia potently kill cocultured neurons via glial NO-inhibiting neuronal respiration, resulting in glutamate release causing excitotoxic death of neurons via NMDA receptors (Fig. 11) . We have found recently that NO causes glutamate release from astrocytes (our unpublished data), and this might also contribute to excitotoxicity. NO inhibition of neuronal respiration might also activate NMDA receptors via plasma membrane depolarization. Calcium entry via NMDA receptors may induce neuronal death (possibly via mitochondrial damage) and might further increase NO production by activation of neuronal nitric oxide synthase. Figure 11 . Proposed scheme of inflammatory neurodegeneration mediated by glial NO. NO produced by activated microglia or astrocytes inhibits mitochondrial (mito) respiration of surrounding neurons, causing glutamate release (through glutamate transporters; GluT ) from neurons (and possibly from astrocytes) and then stimulation of NMDA receptors (NMDAR). Activation of NMDA receptors by glutamate (possibly aided by respiratory inhibition-induced depolarization) triggers massive influx of Ca 2ϩ into neurons, leading to apoptotic or necrotic cell death.
